To identify clones that corresponded to developmentally regulated genes in pig liver, recombinant cDNA libraries were constructed from early fetal (d 40), late fetal (d 110) and adult liver mRNA. Each library was screened by probing with total cDNA prepared from mRNA at different stages of development. Nine clones that gave distinct developmental patterns when hybridized to liver RNA isolated from various stages of development were subsequently isolated and partially sequenced. The cognate proteins for seven of these clones were identified by searching a national DNA sequence resource (Bionet) for similar sequences. Clones hybridizing to mRNA that was most abundant early in development were ot fetoprotein, oq antiprotease, tz globin and an unidentified clone. The mRNA for 13 and T fibrinogen were most abundant perinatally. The abundance of mRNA for albumin, haptoglobin and a second unidentified clone was low in fetal liver, but increased to adult levels between birth and 3 d of age. These clones provide probes to study the relationship between factors affecting fetal growth and expression of specific genes throughout the development.
Introduction
When fetal growth is retarded in the pig, liver weight is severely decreased (Widdowson, 1971) and it is likely that some liver functions are affected as well. One liver function that has been shown to be related to variations in fetal growth rate is synthesis of serum albumin (Stone, 1981; Svendsen et al., 1986) . Alpha fetoprotein, tx2 antitrypsin, tx 1 antiprotease and a2 macroglobulins are other developmentally regulated serum proteins that have been reported to be low in pigs that are IARS, Roman L. Hruska U.S. Meat Anim. Res. Center, P. O. Box 166, Clay Center, NE 68933.
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Received June 20, 1988 . Accepted September 12, 1988 stillborn, weak, underweight or traumatized (Svendsen et al., 1986) . These results suggest that molecular probes to developmentally expressed genes in the liver would be useful in defining the processes involved in fetal growth retardation and subsequent neonatal losses. As a first step to study this possibility, we identified and characterized nine cDNA clones corresponding to developmentally regulated genes in pig liver. The cognate protein for seven of these clones have been identified by DNA sequence analysis: albumin, tx fetoprotein, a-globin al antiprotease, haptoglobin, ~/fibrinogen and 13 fibrinogen. The characterization of a tenth clone, oq acid glycoprotein, has been reported (Stone and Maurer, 1987) .
Materials and Methods
cDNA Libraries. Details for the construction and screening of the cDNA libraries used in this study have been described (Stone and Maurer, 1987) . Briefly, separate cDNA libraries were constructed from d 40 to 110 fetal and adult liver mRNA. Each library was screened for clones corresponding to developmentally regulated transcripts by first plating the libraries in triplicate onto nitrocellulose filters and hybridizing each filter to labeled cDNA from either d 40, d 110 fetal or adult liver poly A § RNA. Any clone that gave a decisively stronger hybridization signal with one (or two) of the cDNAs compared to the other two (or one) was selected for a second screening. The approach in this second screening was identical to that in the first, except that plasmid DNA from 10-ml cultures of each clone selected was denatured, spotted on triplicate filters and hybridized to the labeled cDNA. Clones that gave differential signals on this second screening procedure were further characterized by isolating the cloned inserts labeling with [tx32p]dCTP (3,000 Ci/mmol) and hybridizing to liver RNA prepared from various stages of development. Plasmid DNA was isolated from l-liter cultures by cesium chloride/ethidium bromide banding (Maniatis et al., 1982) . Insert DNA from selected clones was recovered from plasmid DNA by first digesting with Pst I followed by electrophoresis on polyacrylamide gels and ethidium bromide staining. Portions of the gel containing insert DNA were cut out and the gel extruded through the hub of a 20-gauge needle into 10 ml TNE (10 mM tfis.HC1, pH 7.6, 100 mM NaCI, 1 mM, EDTA). DNA was allowed to diffuse out of the gel during overnight agitation and was concentrated by applying to a small (.5 x .5 cm) DEAE-cellulose (Whatman DE52) column equilibrated in TNE. DNA was eluted with TNE made 1 M with NaC1; the first 50 ktl were discarded and two successive 400-btl fractions collected and DNA concentration was determined by absorbance at 260 nm. The DNA was ethanol precipitated, rinsed in 80% ethanol, vacuum dried and resuspended in 50 p,l 1-120. Insert DNA prepared in this manner was either restriction mapped, prepared for DNA sequencing or labeled by nicktranslation for hybridizing to RNA blots. Nicktranslated (Rigby et al., 1977) inserts were routinely 1 to 7 x 107 cpm/p,g.
RNA Blots. Livers from d 40, 60, 80, 110 fetal, newborn and adult pigs were collected surgically (fetal) or at slaughter and frozen in liquid N. Cytoplasmic RNA used throughout this study was isolated from three to five livers at each stage of development and pooled (Ramsey and Steele, 1976; Stone and Maurer, 1987) . RNA was serially diluted (.06 to 5 ktg), spotted onto nitrocellulose filters (White and Bancroft, 1982) and hybridized to nick-translated inserts. Filters were prehybridized overnight at 420C in 50% deionized formamid, 50 mM NaHPO4 (pH 6.5), 5 x saline sodium citrate (1 x saline sodium citrate = .15 M NaC1, .015 M sodium citrate, pH 7.4), .02% bovine serum albumin, .02% polyvinylpryolodone, .02% Ficoll, .1% SDS, 100 ktg/ml denatured salmon sperm DNA and 10 ktg/ml polyadenylic acid (n = t2 to 18). Hybridization conditions were the same, except that dexttan sulfate was added to a final concentration of 10%. Filters were washed with .1 x saline sodium citrate and 1% SDS twice for 5 min at room temperature and twice for 30 min at 42~ before being exposed to x-ray film (XAR-5) for 16 to 24 h. Hybridization signals were optically scanned to obtain a slope based on peak height and amount of RNA. The linear portions of the slopes were taken as a semiquantitative measure of the relative abundance of the particular mRNA present in the liver at a given stage of development. Northern blots were performed using formaldehyde containing gels as described by Thomas (1980) . Prehybridization and hybridization conditions were identical to those described above for RNA blots.
DNA Sequence Analysis. Cloned inserts purified as described above were restriction mapped and in most cases subcloned into the multiple cloning site of pUC13 (Messing, 1983) . Restriction fragments were either endlabeled at the 3' end by fill-in reactions using DNA Polymerase I (Nichols and Donelson, 1978) or the 5' end labeled using T4 kinase (Maniatis et al., 1982) . The chemical sequencing procedures of Maxam and Gilbert (1980) with modifications described by Bencini et al. (1984) were used. Each clone was sequenced until at least 150 bp of open reading frame were obtained. Searches for sequence identity were made through the Bionet (NIH U41 PR-01685-05) national computer resource for molecular biology using the IFIND program (Smith et al., 1986) . With minor exceptions, sequence data were compiled by either sequencing both strands or one strand more than once.
Results
Recombinant cDNA libraries were constructed from d 40 and 110 fetal and adult liver (850) Not identified aClones identified as being developmentally regulated were partially sequenced and searches for identity were made through Bionet national computer resource.
bThe portion of each published sequence compared to the clones from pig lines are as follows: albumin, from codon for Ala 305 through codon for Ala 362; ot-fetoprotein, from codon for lie 155 through codon for Cys 246; ct globin, from codon for Tyr 42 through stop codon; % antiprotease, position 651 through 1139; haptoglobin, from codon for 161 through codon for Thr 211; "t-fibdnogen, position 1094 through 1380; ~ fibrinogen, position 574 through 1237.
mRNA. Clones in these libraries were identified tentatively as corresponding to developmentally regulated gene products if they gave stronger hybridization signals when hybridized back to labeled cDNA prepared from one (or two) developmental stage compared to the other two. DNA inserts from clones that apparently corresponded to developmentally regulated genes were used as hybridization probes against serial dilutions of RNA prepared from several stages of development to determine the pattern of expression during development. The number of cDNA~ clones appearing to correspond to developmentally regulated genes as indicated by colony hybridization was unexpectedly high, and the results were not always repeatable. An alternative procedure of hybridizing labeled cDNA from the three different stages of development to plasmid DNA from clones selected in the first screening blotted onto nitrocellulose paper indicated that only about half of the clones identified by colony hybridization did correspond to developmentally regulated genes. When the cDNA inserts from the selected clones were used as probes against RNA from various stages of development, 25, 14 and 14 clones from the d 40, d 110 and adult libraries, respectively, were clearly developmentally regulated. Other clones showed no change or only minor changes in abundance during development. The majority of the clones isolated at each stage cross-hybridized, indicating that these were multiple clones corresponding to a predominant mRNA present at that stage of development. For example, 19 out of the 25 developmentally regulated clones isolated from the d 40 library showed cross-hybridization and corresponded to a fetoprotein. The majority of the clones in the d 110 and adult libraries corresponded to t~ 1 acid glycoprotein and albumin, respectively. Finally, four unique clones from the d 40 library and three from each of the other two libraries were selected for further characterization.
To identify clones that corresponded to developmentally regulated gene transcripts, clones were partially sequenced and regions containing open reading frames were searched for sequence identity through Bionet, a national computer bank of sequence data. The clones identified were albumin, cz-fetoprotein, t~-globin, t~l antiprotease (t~ 1 antitrypsin), haptoglobin, 13 fibrinogen and y fibrinogen (Table 1) . Two clones, C20 and C527, could not be identified. Identities for the regions compared between the porcine sequences and published sequences for other species ranged from 70% for albumin to 94% for t~ globin. None of the seven porcine clones identified here by sequence alignment required the introduction of gaps in the sequences for maximum alignment. Also, all of the clones gave a single prominent band on Northern blot analysis (not shown).
To confirm that the clones identified corresponded to developmentally regulated genes, the developmental patterns of the mRNA corresponding to these clones were determined by RNA blot analysis (Figures 1  and 2 ). Serial dilutions of pooled total cytoplasmic RNA for each stage of development indicated were blotted onto nitrocellulose paper and hybridized to nick-translated DNA inserts from each of the clones. Because a single pool of RNA from each stage of development was used in these experiments, these results are only indicative of a general developmental pattern for each of the clones. Autoradiographs depicting transcripts that are most abundant either early in development (cz globin), perinatally (T fibrinogen) or in the adult (haptoglobin) are shown in Figure 1 . Autoradiographs were scanned optically and the intensities were used to calculate relative slopes as an estimate of abundance at each stage of development (Figure 2 ). Alpha fetoprotein, ~1 antiprotease, and ct globin were abundant early in gestation compared with latter stages of development. The abundance for the mRNA corresponding to the unidentified clone C20 appears to be essentially constant up to d 80 but declined to low levels in the adult liver. The fibrinogens appear to be most abundant in the perinatal period. The abundance of mRNA for albumin, haptoglobin and the unidentified clone C527 appear to increase markedly between birth and 3 d of age.
Discussion
We have isolated and partially sequenced nine clones that correspond to developmentally regulated genes from porcine liver cDNA libraries; seven of these clones have been identified by DNA sequence comparisons. All of the clones identified correspond to serum proteins that have abundant mRNA transcripts in the liver at some stage of development. The number of clones isolated is in agreement with the estimate of 10 to 12 very abundant (12,000 to 15,000 copies/cell) mRNAs present in the mouse liver during development (Hastie and Bishop, 1976; Barth et al., 1982) . Clones that gave distinct development patterns when hybridized to RNA blots of total cytoplasmic RNA from different stages of development were partially or completely sequenced. These sequences were used to search a national resource of DNA sequence data for similar sequences. The clones identified in this manner were a fetoprotein, albumin, r globin ~1 antiprotease (cx 1 antitrypsin), ~ fibrinogen, 3' fibrinogen and haptoglobin. The developmental patterns obtained by RNA blots are to be considered as preliminary, because single pools of RNA from only three to five animals were used. However, in cases where these patterns can be compared to the patterns of serum protein concentration, there is good agreement (see below). Figure 2 were optically scanned and the slopes obtained for each clone were normalized to a maximum of 100 for clarity. The slope is taken as a relative measure of the mRNA abundance at a given stage of development. The abbreviations are: AFP, tz fetoprotein; tzlAP, ~x I antiprotease; ctG, ot globin; 7Fib, "/fibrinogen; 13Fib, 13 fibrinogen; HAP, haptoglobin; ALB, albumin. Clones C20 and 527 have not been identified.
Because ct fetoprotein is the predominate serum protein early in fetal development and albumin is predominant in adult serum, multiple clones of c~ fetoprotein and albumin were isolated from the d 40 and adult cDNA libraries, respectively. In addition to the similarities of DNA sequence of porcine ~x fetoprotein and albumin with cDNA sequences from other species, each cross-hybridized strongly (data not shown) with the respective mouse cDNA clones (Tilghman and Belayew, 1982) . It has been shown previously that, compared to other species, serum concentration of porcine ct fetoprotein remain comparatively high, whereas albumin concentrations remain comparatively low throughout fetal development (Karlsson, 1970; Stone, 1981) . Following birth there is a rapid increase in the synthetic rate and serum concentrations of albumin (Page, 1969) . At the same time, there is a transient rise in serum cx fetoprotein concentration between 3 and 5 d of age, which is followed by a decline to negligible concentrations in adult serum (Karlsson, 1970) . The developmental patterns obtained from RNA blot experiments in this study are in close agreement with these previous findings. These results suggest that the developmental expression of these genes may be controlled at the transcriptional level, as has been thoroughly demonstrated in other experimental models (Barth et al., 1982) .
Because the mammalian liver is hematopoietic during early fetal development, it is not unexpected that a ~ globin clones would be obtained when screening for developmentally regulated clones. The globin genes are highly conserved between alleles and across species; thus, it is not surprising that a 94% sequence identity between goat and porcine ct globin was obtained in this study. Studies seem to be lacking on the switching of hematopoietic function from the liver to bone marrow during fetal development in the pig. Because in this study tx globin was found to be abundant up to d 80 and negligible at d 110, the switch is apparently completed between these times.
Alpha1 antiprotease is a serum protease inhibitor that has been studied extensively because of its specificity for elastase and its role in the pathogenesis of some lung diseases (Travis and Salvesen, 1983) . The DNA sequence to act 1 antiprotease is highly conserved between primates (Kurachi et al., 1981) and, based on the limited sequence data obtained here, it appears that the sequence also is largely conserved between primates and the pig. Preliminary sequence data obtained from a second cq antiprotease clone showed some minor sequence differences, which is consistent with there being multiple alleles of this gene (Gahne and Juneja, 1986) . As observed in the RNA blot experiments, Westrom et al. (1982) has shown that serum concentrations of ct 1 antiprotease are high early in fetal development but decline rapidly as development proceeds. A similar developmental pattern has been reported in sheep (Dziegielewska et al., 1980) . The human fetus differs in that serum concentrations of cq antiprotease increase throughout fetal development (Gitlin and Gitlin, 1975) .
Fibrinogen is composed of or, [3 and 7 chains that are coded for by separate genes that show little sequence similarity (Chung et al., 1981) . Across species, the sequences of the individual chains are highly conserved, which is consistent with the 90% sequence identities for the partial sequences of the porcine 13 and Y chains with the human and bovine sequences, respectively. The RNA blot results suggest a coordinate and sizeable increase in the abundance of ~i and 7 fibrinogen mRNA between birth and 3 d of age. In a summary on the development of serum proteins in the human, Gitlin and Gitlin (1975) report a ratio of 1.0 for fibrinogen in cord-blood and adult serum, which does not seem to be consistent with the results obtained for the pig.
Haptoglobin functions as a scavenger of free plasma hemoglobin and, although it shares structural similarities with the serum proteases, it lacks protease activity (Barnett et al., 1972) . Human haptoglobin is synthesized as a single polypeptide chain that subsequently is cleaved into t~ and ~ chains that remain linked by disulfide bonds (Yang et al., 1983) . The region of sequence identity for the porcine clone is limited to the 13 chain region, and the region equivalent to the cleavage site between the ct and 13 chains has not been sequenced (if it is present) in the clone C411. From the RNA blots it appears that after birth haptoglobin RNA accumulates rapidly, which is consistent with what has been reported for humans (Gitlin and Gitlin, 1975) .
The developmental pattern of the unidentified clone 527 is similar to that of the fibrinogens. Although several hundred nucleotides of this clone have been sequenced, no long stretches of open reading frame have been found, and no comparable sequence has been identified in the sequence data bank. It is possible that this clone corresponds to a long 3' untranslated region that is not usually conserved across species. The second unidentified clone appears to contain 160 bp of open reading frame followed by 100 bp of 3' untranslated region preceding a poly A tail. Either a comparable sequence is not present in the data bank or 160 bp is not sufficient to establish sequence identity with a gene that is not highly conserved across species.
It may be significant that the fibrinogens, haptoglobin and tx 1 acid glycoprotein are acute phase proteins and all are highly expressed during the perinatal period. Alpha1 acid glycoprotein accounts for up to 50% of the total protein in newborn pig serum (Lampreave and Pineiro, I984 ) and the mRNA is most abundam in the liver at this time (Stone and Maurer, 1987) . In response to acute infection, inflammation or trauma, the liver synthesizes dramatically increased amounts of these acute phase proteins (Koj, 1974) . Thus, it is possible that some of the adaptive responses in the perinatal pig may be similar to the acute phase response that has been characterized in other species.
This study has demonstrated, as have others (Scherer et al., 1981; Lu et al., 1988) , the power of molecular cloning techniques in identifying genes that are differentially expressed during different developmental or physiological states. The clones characterized in this study provide the probes necessary to determine the relationship between factors affecting fetal growth and the expression of specific genes. Because previous studies strongly suggest that albumin gene expression is related to fetal weight (Stone, 1981; Stone and Christenson, 1982; Stone and Leymaster, 1985; Svendsen et al., 1986 ) and the liver is severely affected during fetal growth retardation (Widdowson, 1971) , it is possible that several of these gene products can serve as developmental markers.
